). Radiation levels were over 10,000 Rem/hr at the place of action and 1.5 Rem/hr at 6 m distance at the edge of the shielding cell.
Description
Basically the device consists of a hydraulic truck loader, that carries remote handling equipment, observation devices and tools at the end of an articulated and extendable boom. The truck loader is commercially available from a number of companies and comes with an option of remote control via cable. After the shielding has been removed from over a target cell, the end of the hydraulic boom can reach down 8 m from the edge of the shielding. The end of the boom carries two manipulator slave arms, and a remote control zoom, focus, pan and tilt C.C.T.V. camera and light. A second, light weight, extendable mast carries a similar camera and light unit, which can be moved around the scene of action as necessary. There are additional camera units at the "hinge" of the truck loader and at the edge of the shielding to provide an overall view. All equipment, other than the manipulator assembly, can be ordered from catalogues, needing only moderate adaptation. The pair of manipulator arms is suspended from the hydraulic boom via a levelling drive, which ensures that the shoulder is automatically kept horizontal, irrespective of the angle of the boom. The shoulder assembly with the two arms can also be rotated around its vertical axis to make the arms "face" the object.
The whole device can be moved by crane or truck to the desired location with the control station located in a trailer, at a safe distance of up to 100 m. Ultimately the equipment will be used in combination with a remotely controlled overhead crane, which has another camera/light unit looking down from below the cable drum.
Choice of Manipulator
The basic philosophy of this approach to remote handling is to replace the technician in the radiation area by a mechanical slave that promptly duplicates his manipulations resulting from his observations while he is located at a safe distance. Therefore, dexterity is rated more important than power. A man will use power tools and cranes and so can the slave. The slave should also have two arms, as does the man.
Initially Monitor was equipped with a one-arm surplus rate-controlled manipulator. These are readily available off-shelf items, but they are slow, as each degree of freedom is controlled by a separate, two-way lever switch (Figure 2 ). Ultimately Telearms, its successor, will have a two-arm bi-lateral servo-manipulator. Originally complex and bulky, these devices have reached a high degree of sophistication. Accelerator laboratories have provided considerable impetus to their development and deployment (for example at Brookhaven4, CERN5 and Fermilab6.)
A bi-lateral servo-manipulator has force reflection. In many respects it is similar to the common master-slave manipulators used in hot-cells, except that the master and slave can be separated by a long distance, connected only by a cable. They enable the operator to "feel" what he is doing. A servomanipulator has another advantage over a mechanical 1580 master-slave manipulator: the force reflection ratio can be varied, so the operator feels only part of the load that is handled by the slave7 (Figure 3 ).
As it would take well over a year to build the bi-lateral servo-manipulator, a one-arm uni-lateral (non-force-reflecting) servo-manipulator was built for Monitor to overcome the lack of speed of the ratecontrol manipulator. This could be done in a few months, as it was possible to borrow an existing prototype slave arm (Figure 2 ). This arm is of compact design and uses hydraulic cylinders as actuators.8
The master has the same joint-to-joint dimensions as the slave, but carries no actuators, only position sensing potentiometers. Hence there is no force reflection, although this could be added in principle.
The eventual choice of a fully force-reflecting two-arm servo-manipulator was based on speed of manipulation. Operations in even the best equipped hot-cell 'A take at least eight times as long as done manually.
One may expect the same for a good servo-manipulator. vice it was also apparent, that while the rate control manipulator was actually more readily available during actual service than the uni-lateral servo-manipulator, which suffered from some teething troubles, it was invariably preferred by the operators and used to do the job in the end. We also learned that, due to the servo-manipulator's much faster response, the lack of force reflection was a greater disadvantage than with the rate control manipulator. There is one particular application where the rate control manipulator is faster: once it has found the tapped hole, it can screw in a bolt faster, because it has continuous wrist rotation. One can expect a bi-lateral servo-manipulator to perform about as well as a mechanical master slave manipulator.
A word of caution is appropriate with respect to the interpretation of above performance data. They are based on rather simple laboratory tests and do not take into account the time it takes to move the manipulator to the job. Real life remote handling proved to be very slow indeed, indicating that only the best equipment shown in Fig. 4 
